Synchronous rhythmic activities play crucial roles in diverse biological systems. Glycolytic oscillations in yeast cells have been studied for 50 years with the aim of elucidating the mechanisms underlying the intracellular oscillations and their synchronization. We investigated the effects of chemical disturbances on the individual and collective glycolytic oscillations in yeast cells encapsulated in alginate microparticles, and demonstrated that the addition of chitosan, an antimicrobial agent, decreased the duration of these oscillations. In contrast, the periods and the synchronicity states showed two different responses to the chitosan treatments. The periods were shown to be prolonged following the treatment with 5-50 mgÁL À1 and shortened at 75 mgÁL À1 of chitosan. Collective oscillations became more synchronized at 5 mgÁL À1 of chitosan, and desynchronized at 25-75 mgÁL À1 of this compound. These findings can be explained by the balance between two chitosan features, increasing cell membrane permeability and acetaldehyde scavenging. At low concentrations, chitosan presumably acts as a synchronization promoter that does not mediate the synchronization itself but induces an increase in intercellular coupling. We believe that our findings may provide new insights into the synchronous rhythmic activities in biological systems.
Introduction
Rhythmic activities and their synchronization, such as the flashing of fireflies, the firing of neurons and the calcium and glycolytic oscillations of pancreatic b cells, play crucial roles in biological systems [1] [2] [3] . Glycolytic oscillations are the oscillations in the concentrations of glycolytic metabolites, which occur under certain conditions [4] , and they have been observed not only in pancreatic b cells [3] , but also in several other cell types, such as ventricular myocytes [5] , cancer cells [6] and yeast cells [7] . Yeast cells, Saccharomyces cerevisiae, have been extensively studied in order to elucidate the mechanisms underlying the intracellular oscillations and their synchronization [7] [8] [9] . The core oscillatory mechanism is the autocatalytic reaction of an allosteric enzyme, phosphofructokinase and its subsequent inhibition by ATP [4, 10] . The intercellular synchronization is due to a strong coupling between cells based on the exchange of a metabolite, acetaldehyde (ACA) [11] and Abbreviations 1,3-BPG, 1,3-bisphosphoglycerate; ACA, acetaldehyde; CDSD, centrifuge-based droplet shooting device; CMI, charged metabolic intermediate; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde 3-phosphate; K O (t), Kuramoto order parameter of the instantaneously oscillatory cells at time t; NADH, nicotinamide adenine dinucleotide; R(t), instantaneously oscillatory cells at time t.
this intercellular coupling is achieved under the conditions of the above-critical cell density [8, 12] .
The studies of the glycolytic synchronization in yeast cells were performed using a cell suspension system [12] . Recently, immobilized cells [8, 9] were employed to observe the oscillations in individual cells, and to study both the individual and collective oscillatory behaviours simultaneously. The collective oscillatory behaviour at population level was shown to become quiescent below a critical cell density of 1 9 10 6 cellsÁmL
À1
, although individual cells exhibited oscillations [8] , and these collective behaviours were shown to be due to the weak coupling between cells [8, 13] . The degree of synchronization can be quantified using the time-dependent order parameter K(t) [14] , which quantifies the degree of the synchronicity, and ranges from K(t) = 0 (incoherence) to K(t) = 1 (high coherence).
Yeast cells have been encapsulated into alginate particles with the diameter of~3 mm by suspending the cells in sodium alginate and immersing the suspension into CaCl 2 solution [15] . The cell-encapsulating particles can then be transferred to a flow-through cuvette and placed in a fluorescence spectrometer, to monitor the collective cellular oscillations in these particles.
We developed a 3D-system of immobilized cells on a hundred and several ten-micrometer scale by encapsulating yeast cells into alginate microparticles using a centrifuge-based droplet shooting device (CDSD) [16, 17] . Observation of the immobilized microparticles using an inverted fluorescence microscope enabled us to study both the individual and collective cellular behaviours, which showed that the collective oscillations become more synchronized, with the order parameter close to 1, indicating high synchrony, as the cell density increased from 1.0 9 10 7 to 1.0 910 9 cellsÁmL À1 [17] . Furthermore, we observed that the cellular oscillations in biphasic-Janus microparticles encapsulating yeast cells of different cell densities in each hemisphere were entrained at both individual and population levels [17] .
Glycolytic oscillations in yeast cells were proposed for the use in toxicity assays [18] . A system of cell suspensions was used to extract six indices, the number of wave cycles, maximum amplitude, oscillation frequency, attenuation coefficient, initial peak height and nonsteady-state time, characteristic for the damped collective oscillations. Several types of chemicals, such as acids, heavy metal ions and respiratory inhibitors, were tested to demonstrate characteristic changes in these indices, demonstrating the potential of the novel method for the toxicity qualification and quantification [19] .
We used the described 3D-system of the alginate microparticles encapsulating yeast cells to investigate the effects of chemical disturbances on the individual and collective behaviours of glycolytic oscillations. We synthesized high cell density microparticles (1.0 9 10 9 cellsÁmL À1 ; 150 lm diameter; Fig. 1A ,B) to study the responses of synchronous glycolytic oscillations in yeast cells to chemical disturbances.
Chitosan is a polymer of b-1,4-glucosamine subunits ( Fig. 2A,B) , widely used in many applications, including artificial skin, wound healing dressing, drug delivery, heavy metal removal from wastewater, capsule formation, as antimicrobial agent, and for the microbial control of spoilage microorganisms during brewing [20, 21] . Therefore, yeasts can be exposed to chitosan when applied for the microbial control or if encapsulated in chitosan capsules, whereas chitosan is found almost only in the zygomycetous fungi in nature [22] . Chitosan increases cell membrane permeability through the interactions of its positive amino groups with the negative charges on the phospholipid bilayer of microorganisms and mammalian cells [23] [24] [25] , which may affect the synchronous behaviour of yeast cells as well as their fermentation performance.
Since chitosan is a polymer, its diffusion into the alginate gel network is limited, and the molecules with higher molecular weights bind onto the alginate bead surfaces [26] . However, chitosan molecules with the 4 Da penetrate into the 1500 lm alginate microcapsules to the depth of 90 lm [26] . Here, we used chitosan with a molecular weight similar to that described previously (9.6 9 10 4 Da) and 150 lm alginate microcapsules, and this molecule was assumed to reach the yeast cells even when they are positioned at the centre of the microparticles. Additionally, a chitosan layer does not limit the diffusion of glucose and other compounds with lower molecular weights, such as glycolytic metabolites [27] . Therefore, this allowed us to evaluate the effects of chitosan on the synchronous glycolytic oscillations in yeast cells encapsulated in alginate microparticles using a 3D-system. 
Materials and methods

Chemicals
Preparation of encapsulated yeast cells
The experimental procedure was described in detail previously [17] . using CDSD [16] . Microparticles were immobilized onto MAS-coated glass slide (Matsunami Glass Ind., Ltd., Osaka, Japan) in square wells (1 cm 9 1 cm).
Initiation and observation of glycolytic oscillations
Microparticles were observed under an inverted fluorescence microscope (TC 5000; Meiji Techno Co., Ltd., Saitama, Japan). Glycolytic oscillations were initiated by adding an aqueous solution containing 100 mmolÁL À1 glucose and 3.2 mmolÁL À1 potassium cyanide, which was followed by the addition of chitosan solution at the final concentrations of 5, 25, 50 and 75 mgÁL À1 . Ultrapure water was added to the control samples instead of chitosan solution. NADH fluorescence was monitored as the light emission at 435-485 nm through a filter set (49000-ET-DAPI; Chroma Technology Corp., Bellows Falls, VT, USA) with the excitation by a 365 nm mercury line from a fluorescence illumination system (Lumen 200; Prior Scientific, Rockland, MA, USA), and recorded as sequential fluorescence images with a frame rate of 2 fps by a charge-coupled device camera (ProgRes MFcool, Jenoptik, Jena, Germany).
Data processing and analysis
Data processing and analysis were performed using MATLAB (MathWorks, Natick, MA, USA), unless otherwise stated. Initially, the time-series fluorescence data obtained for each cell were extracted from the sequential fluorescence images using IMAGEJ [29] . Following this, the trend in the time-series data was removed by subtracting the second order trend. Finally, we used Fourier bandpass filter to remove frequencies higher than 1/20 Hz and lower than 1/70 Hz in order to remove noise and the remaining trend. The processed time-series data y n (t) were analysed as follows. We computed the analytical signal z n (t) of each cell n, z n ðtÞ ¼ y n ðtÞ þ ih n ðtÞ ¼ A n ðtÞe
where A n (t) and h n (t) are instantaneous amplitude and phase at time t, respectively, and h n (t) represents the Hilbert transform of y n (t),
To detect oscillatory states, we conveniently defined oscillatory states as durations with larger instantaneous amplitudes than the threshold A c . Since the amplitude of noise was lower than 0.5, A c was set to 0.5. Additionally, for further calculations, the amplitudes were set to one during oscillatory state or otherwise set to zero:
To investigate the oscillatory behaviours of individual cells, their periods and durations of oscillations were obtained. The period of a cell was calculated as the mean value of the instantaneous periods. A period and a duration of the oscillations of a capsule was obtained as the mean value of the periods and durations, respectively, of the oscillations of cells in the capsule.
To quantify the degree of synchronization, the Kuramoto order parameter of total cells, K T (t) was calculated:
where n represents the total cell number. The ratio of instantaneously oscillatory cells, R(t), was obtained from
Next, the Kuramoto order parameter of the instantaneously oscillatory cells was obtained as follows.
First, we defined the symbols:
T :¼ a set of total cells OðtÞ :¼ a set of instantaneously oscillatory cells at time t:
Note that the total cell number N = |T| and the instantaneous ratio of oscillatory cells R(t) = |O(t)|/N.
The Kuramoto order parameter of total cell can be rewritten as
where T\O(t) is the relative component of T in O(t), namely, a set of instantaneously nonoscillatory cells at time t. Sincez n ðtÞ of a nonoscillatory cell is 0 as defined by Eqn (3),
Because of this relationship, K T (t) value is between K O (t) and R(t). The Kuramoto order parameter of the instantaneously oscillatory cells was obtained as: where NaN denotes 'not a number'. K O (t) was computed only when R(t) ≥ 0.1, for accuracy.
Tukey's honest significant difference test was performed after one-way analysis of variance to assess the statistical significance of mean differences between experimental groups as necessary.
Results
Glycolytic oscillations were initiated by adding a mixture of glucose and KCN at 30 s, followed by the addition of chitosan at 55 s, when the first peak of the oscillation appeared. The encapsulated yeast cells were shown to have damped oscillations under all investigated conditions (Fig. 3) , which is consistent with a previous report [30] showing that S. cerevisiae exhibits damped oscillations when the cells are harvested at several hours after the diauxic shifts. Although limit cycle oscillations can be obtained when the cells are harvested at the diauxic shifts, the indices obtained from the damped oscillations, such as oscillatory durations, are useful for the toxicity assays [18] . The oscillatory states were conveniently defined as durations with larger instantaneous amplitudes than 0.5 (Eqn 3). Since the fluorescence signals were disturbed due to the chitosan addition, the data obtained after 100 s were analysed, whereas the fluctuations before 100 s were not considered. The detected oscillatory states were mostly in agreement with the visual observations.
The periods and durations of oscillations in each cell were computed to elucidate the effects of chitosan on the individual oscillatory behaviours. In Fig. 4 , mean periods and mean oscillatory durations of the encapsulated yeast cells after chitosan addition are presented. The mean oscillatory duration in the control was 145 AE 31 s, whereas those in all treatment groups werẽ 85 s (Fig. 4A) , showing significant differences between the control and all treatment groups (P ≤ 0.05). However, no significant differences in the oscillatory durations between treatment groups were observed (P > 0.05). In contrasts, the periods were shown to be 30-32 s at the chitosan concentrations of 0 and 75 mgÁL À1 , but they were shown to reach~38 s at 5-50 mgÁL À1 (Fig. 4B) . Here, we determined that these mean periods significantly differ between these groups (P ≤ 0.05), however, no significant differences between the control and 75 mgÁL À1 group or between that and 5-50 mgÁL À1 groups were observed (P > 0.05). Furthermore, we investigated the effects of chitosan on the collective behaviour of glycolytic oscillations. The collective oscillatory behaviour was characterized by the Kuramoto order parameters K O (t) as well as the instantaneous oscillatory ratios R(t) (Fig. 5) . The R(t) monotonically decreased with time, and the rates of decrease in all treatment groups were larger than that of the control (Fig. 5A) . This results agrees with that presented in Fig. 4A , because of the simultaneous initiation of glycolytic oscillations. The K O (t) decreased over time and the rates of decrease increased following the treatment with the chitosan concentrations of 0-75 mgÁL
À1
, except for the 5 mgÁL À1 group (Fig. 5B) .
The rates of decrease in the 50 and 75 mgÁL À1 groups were shown to be approximately the same. Only at 5 mgÁL À1 , the K O (t) remained high until the end of the experiment.
Discussion
Several mechanisms have been proposed to underlie the antimicrobial activity of chitosan [24, 31] : (a) Enhancement of cell membrane permeability through the interactions between cationic NH These activities may induce the loss of cell membrane integrity, cellular soluble protein leaking, and ultimately cell disintegration. Since the duration of our experiment was short, (b) the inhibition of gene expression is negligible. Furthermore, since potassium phosphate buffer does not contain any essential trace metals, (c) the metal scavenging can be ignored in the analysis of glycolytic oscillations. In S. cerevisiae, the leakage of cellular contents reached maximum (~0.30 absorbance at 260 nm) at 25 mgÁL À1 chitosan, and the leakage rates were 80% and 90% of the maximum at the concentrations of 5 and 50 mgÁL À1 [31] . Therefore, (d) matter exchange inhibition can be ignored here as well. These indicate that we can focus on the (a) increase in cell membrane permeability as the potential mechanism underlying chitosan activity.
In addition to the antimicrobial activities of chitosan, chitosan amino groups easily react with ACA, forming Schiff bases at room temperature [32, 33] . According to this reaction, one subunit of chitosan reacts with one molecule of ACA, a synchronization mediator, which is produced by the yeast at 40-100 lmolÁL À1 concentration during glycolytic oscillations [11] . Therefore, the synchronization can be disturbed at low ACA concentrations due to the reactions with chitosan amino groups. Here, we focused on both membrane permeability enhancement and ACA removal. The decreases in oscillatory durations can be explained by the loss of cellular components induced by increase in cell membrane permeability. Under physiological conditions, cell membrane prevents the permeation of ions and large uncharged polar molecules, such as glyceraldehyde 3-phosphate (G3P), dihydroxyacetone phosphate (DHAP), 1,3-bisphosphoglycerate (1,3-BPG) and ATP, whereas small uncharged polar molecules like ACA and ethanol can pass through cell membrane. However, chitosan activity allows the passage of ions and large uncharged polar molecules through membrane, and the progressive loss and dilution of these metabolites result in the termination of the glycolytic oscillation. Cell membrane permeabilities in all treatment groups were shown to be approximately the same, since the leakages were nearly the same at all chitosan concentrations applied here and those previously described [31] , explaining why the oscillatory durations did not differ between the treatment groups.
The changes in the periods are most likely due to the loss of cellular components and ACA removal by chitosan. The periods of glycolytic oscillations depend on enzymatic activities [34] [35] [36] , and the periods become longer or shorter as reaction rates decrease or increase respectively. The longer periods observed following the treatment with chitosan at the concentrations of 5-50 mgÁL À1 are likely due to the lower reaction rates caused by leakage and substrate dilution. Conversely, the elongated periods shorten to the level of the control following the treatment with 75 mgÁL
À1
of chitosan. Previously, it was theoretically shown that the periods of glycolytic oscillations in yeast cells become shorter as the reaction rate of ACA removal increases [37] . However, according to the results obtained using a more detailed model and further experiments [10] , the periods in the individual cells were shown to be relatively unaffected by the concentration of cyanide, another ACA scavenger. Therefore, the shortening of periods by ACA removal may prevent the elongation by substrate dilution at the concentrations of 5-50 mgÁL
of chitosan, which, however, does not sufficiently explain the observed prevention.
K O (t) decreased with R(t) under high concentrations (25-75 mgÁL
) of chitosan (Fig. 5) . Since synchronizations in glycolytic oscillations depends on cell density [8] , K O (t) was plotted against R(t) (Fig. 6A-E) to clarify the chitosan-dependent relationships between synchrony and cell density. The K O (t) was shown to weakly correlate with R(t) following the treatment with chitosan at 0-25 mgÁL À1 . This relationship became stronger following the addition of 25-75 mgÁL À1 of chitosan. These results can be partly explained by the framework of dynamical quorum sensing reported by Taylor et al. [13] , who demonstrated the synchronization of heterogeneous populations of discrete chemical oscillators. There are two distinct types of the transitions to synchrony, depending on the chemical exchange rates between the oscillators and the surrounding solution: Type I, at a low exchange rate, the synchrony gradually decreases with the oscillator density; and Type II, where, at a high exchange rate, the synchrony is high and constant when the density is higher than the threshold, but the oscillations are abolished below the threshold density. The suspensions of cellular organisms were predicted to undergo both types of synchrony transitions. In this study, the exchange rate, i.e., cell membrane permeability, was shown to be increased following the chitosan treatment. Cell membrane permeability was shown to plateau at a chitosan concentration of ≥ 5 mgÁL À1 [31] . The relationships between R(t) and K O (t) at 0-25 mgÁL À1 of chitosan correspond to type II transition to synchrony, which was confirmed following the treatment with 5 mgÁL À1 of chitosan (Fig. 6A-C) . The relationship between R(t) and K O (t) at the concentrations of 50-75 mgÁL À1 apparently corresponded to type I transition to synchrony, observed at a low exchange rate. However, another chitosan effect was identified at 50-75 mgÁL
, since chitosan did not decrease the permeability (exchange rate) at these concentrations, as described.
Quantitatively, the relationships between R(t) and K O (t) can be explained in terms of ACA removal by chitosan amino group as well as cell membrane permeability. Chitosan removes ACA through the Schiff base formation as described, and, for example, Schiff base formation was studied using formaldehyde and aniline, obtaining the following equilibrium constant, K eq :
at 25°C under acidic conditions [38] . Since we did not find the equilibrium constant of the Schiff base formation from ACA and chitosan, ACA concentrations after Schiff base formation were estimated using the following equilibrium constant.
where C A and C N are the molar concentrations of ACA and amino group of chitosan before Schiff base formation respectively. C N (molÁL
) can be calculated from chitosan concentrations (x mgÁL À1 ) and the molecular weight of its subunit ( Fig. 2 ; C N = 10
À3
x/161). Therefore,
Following this,
This was normalized and interpreted as a driving force for synchronization in the ACA-mediated coupling (Fig. 7A , green dotted line):
Since ACA concentration during the oscillations is 40-100 lmolÁL À1 [11] , C A was conveniently set to 70 lmolÁL
À1
, an intermediate value. Moreover, cell membrane permeability was estimated by determining cellular leakage measured as absorbance at 260 nm, and the obtained data were visually analysed using IMAGEJ ( fig. 1 in Zakrzewska et al. [31] ). This was further fitted to an exponential function and normalized by dividing by an asymptote:
The values of (a, b, c) were (À0.30, À0.35, 0.30). This can be interpreted as a driving force for the synchronization in coupling through charged metabolic intermediates (CMIs) (Fig. 7A, blue dashed line) .
Since ACA scavenging and cell membrane permeability enhancement of CMIs are independent of each other, these factors are expected to represent additive effects. Therefore, the final K O (t) may be expressed as a model:
final K O ðtÞ ¼pfðxÞ þqgðxÞ: ð22Þ
Here,p is 0.62 because f(0) = 1, g(0) = 0 and final K O (t) = 0.62. Similarly,q is~0.40, sincepfðxÞ ¼ 0:05 or 0.03, g(x) % 1.0 and final K O (t) = 0.39 or 0.42 when x = 50 or 75 respectively. Equation (22) qualitatively explains the two different responses of final K O (t) showing a peak at x = 3.9 (Fig. 7B, green dashed line) . However, the peak height is obviously lower than that of measured final K O (t). To explain the peak height, we added a synergetic effect (f(x)g(x); Fig. 7C .
Although the desynchronization of glycolytic oscillations at 50-75 mgÁL À1 of chitosan (Fig. 6E,F ) cannot be explained solely by cell membrane permeability, as explained, the model (23) can answer this problem. The driving force of CMI-mediated coupling is maximized under these chitosan concentrations, but not strong enough to make up for the low synchrony caused by severely decreased ACA-mediated coupling (Fig. 7C) . Furthermore, this model suggests the importance of a synergetic effect of two coupling routes to synchronization, which is prominent around x = 4.2. The mechanisms underlying the synergetic effect between f(x) and g(x) remain unclear. However, the combined effects of two coupling routes were studied in Hindmarsh-Rose neural networks [39] . The larger the chemical synapse strength is, the weaker the strength of electric synapse is required to achieve a complete synchronization. Similarly, in this study we showed that a synergetic effect of the ACA-and CMImediated couplings may lower the driving force required for achieving a higher synchrony.
The final values of K O (t) represent the effect of chitosan on the collective behaviours as shown in Fig. 6A -E, and were plotted against chitosan concentrations to elucidate the dependency of synchrony on chitosan concentrations (Fig. 6F) . The final K O (t) in the control was shown to be 0.6, whereas the highest final K O (t) of a treatment group was 0.9 at the [11] . However, it is unlikely that the ACA exchange is further accelerated by the increase in membrane permeability to increase synchrony, since small uncharged polar molecules naturally diffuse through cell membranes. Unlike ACA, glycolytic metabolites such as G3P, DHAP, 1,3-BPG and ATP are not able to pass through the cell membrane under physiological conditions (Fig. 8A) . However, these metabolites can pass through cell membranes with increased permeability, and in this way, the chitosaninduced increase in cell membrane permeability allows the exchange of these metabolites between yeast cells, and they can presumably act as the synchronization mediators in addition to ACA after chitosan treatment (Fig. 8B) . Serizawa et al. [40] demonstrated that the glycolytic metabolites (G3P, DHAP, 1,3-BPG and ATP) may play important roles as alternative synchronization mediators using mathematical analysis of two-dimensional reaction-diffusion models. Taken together, our results indicate that the increase in synchrony was not achieved by the strengthening of coupling by ACA, but through the increase in the number of coupling routes. Therefore, chitosan acts as the synchronization promoter but it does not mediate synchronization by itself. Synchronization promoters are compounds that increase the strength of the existing coupling or the number of coupling routes between oscillators but do not itself mediate the synchronization. These compounds enhance the exchange of synchronization mediator, strengthening the existing couplings, or provide new exchange routes, increasing the number of coupling routes. Here, chitosan was shown to act as a synchronization promoter by increasing cell membrane permeability at low concentrations, but it led to the disturbance in synchronization at high concentrations. Considering yeast cells, since ACA, the synchronization mediator, can pass through the cell membrane, synchronization promoters that strengthen the existing ACA coupling are rare.
We demonstrated here that chitosan, which increases cell membrane permeability [31] (Fig. 8C) . Interestingly, synchrony was shown to be promoted at the chitosan concentrations of 5 mgÁL
. Enhanced cell membrane permeability may enable the synchronization of yeast cells through the CMIs such as G3P, DHAP, 1,3-BPG and ATP in addition to ACA. In this study, we experimentally demonstrated that chitosan acts as a synchronization promoter, as it does not directly mediate, but enhance synchronization. Furthermore, the importance of a synergetic effect of ACA-and CMI-mediated couplings on the synchronization was indicated as well. These results show that not only inhibitory effects but also promotional effects on both individual glycolytic oscillations and their synchronizations can be evaluated by the present experimental procedure. Additionally, other types of cells, for instance cancer cells [6] , can be used instead of the yeast cells to investigate different chemical, such as anticancer agents. The procedure presented here can thus be used to analyse the effects of a variety of compounds on different cell types. Moreover, although high chitosan concentrations (> 10 mgÁL À1 ) are used for microbial control because of the antimicrobic activity against spoilage microorganisms [21, 41] , low chitosan concentrations (% 0.5 mgÁL
) may facilitate quorum sensing and cause metabolic switches in such microorganisms. Our findings may provide new insights into synchronous behaviours in biological systems, allow the assaying of chemical disturbances, and chitosan treatments.
